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Abstract
Space-time block codes (STBCs) based single user multiplexing techniques are already part of the LTE standard. However, the
rapid increase in demand for high speed and reliable communications is propelling us towards the next generation cellular networks.
Multi-user MIMO based techniques are a promising candidate to meet this demand. In this paper, an STBC is designed for a multi-
user MIMO system containing two users, transmitting independently. The transmission matrix is designed with the criterion of
maximizing coding gain for the two users. Further, the proposed STBC enables independent decoding of symbols of both the users.
A pair-wise maximum likelihood (ML) decoder for the proposed STBC is also derived. The performance of the proposed STBC is
compared with the existing work and it is shown through simulations that the proposed code design performs significantly better
than the existing STBC.
c© 2014 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of Elhadi M. Shakshuki.
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1. Main Text
Space-time coding1,2 for multiple input-multiple output (MIMO) systems has been used to enhance the data rate
and increase the reliability of a wireless communication systems. Space-time block codes (STBCs) for single user
MIMO system have been extensively studied over the last decade. Single user schemes for various antenna configu-
rations are already part of the latest LTE standard3. The next generation cellular networks are being designed for an
expected multi-fold increase in user demand. Single user MIMO system may not be able to cope up with this huge
surge in demand. Multi-user MIMO is one of the promising techniques that is expected to meet this demand4.
STBCs for multi-user MIMO systems have recently gained attention. Multi-user communication system allows
users to simultaneously transmit data by sharing the same frequency and time interval. Multi-user MIMO channels can
be divided into two categories: multiple access channel (MAC) and broadcast channel (BC). In the MAC (typically
uplink), decentralized mobile users transmit to a base station (BS), while in the BC (typically downlink), the BS
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Fig. 1. Multi-user MIMO System.
transmits to decentralized mobile users. A scheme that utilizes single-user STBC for diﬀerent users with interference
cancellation at the receiver has been proposed in5. Space-time/frequency code design criteria for multi antenna
MACs has been proposed in6. In7, Alamouti STBC2 is used by multiple users and diﬀerent ways of decoding the
transmitted signals by using the algebraic structure of Alamouti STBC have been suggested. A code design criteria
for MIMO MAC channels with frequency selective fading has been designed in 8, where the diversity multiplexing
trade-oﬀ for point-to-point selective-fading channels has been extended to the multi-point channels. Similar concept
for diversity multiplexing trade-oﬀ has been proposed in9. A multi-user STBC for 2 × 2 MIMO uplink channel has
been proposed in10. The STBC in10 considers quasi-static channel and is based on algebraic rotation achieving full
diversity. Similar codes were proposed in11,12,13. A low peak-to-average power (PAPR) STBC for two-user MIMO
system is proposed in14 to remove co-channel interference in a multi-cell environment. The STBC in14 is constructed
to provide decoupled decoding of the symbols at the receiver. However, the STBC in14 does not consider maximizing
the coding gain. Hence, in this work a multi-user STBC with low PAPR and high coding gain is proposed that ensure
more reliable communication. This is the motivation of this work.
Symbol mapping has been proposed in the literature15,16,17 to design high coding gain STBCs for single-user
MIMO system. Despite the evident increase in performance, the concept of symbol mapping has not been used for
designing STBCs for multi-user MIMO system. Hence, in this paper, an STBC for two user MIMO system for a
quasi-static channel is presented that achieves high coding gain with decoupled decoding of symbols transmitted by
the two users at the receiver. The STBC is designed using the concept of symbol mapping proposed earlier in15,16,17
for PAM/QAM constellation. The proposed STBC is compared with the recently proposed STBC in14 for multi-user
MIMO system (using quasi-orthogonal STBCs).
The rest of the paper is organized as follows. In Section 2, the system model for multi-user MIMO system is
discussed. The code design for multi-user MIMO system is proposed in Section 3. In Section 4, pair-wise ML
decoder for the proposed STBC is derived. The performance of the proposed STBC is compared with the existing
STBC in Section 5. It is shown through Monte-Carlo simulations that the proposed code design performs significantly
better than the existing STBCs. Finally, some concluding remarks are presented in Section 6.
2. System Model
In this section, two individual users transmitting independently of each other are considered. Both the users are
assumed to be equipped with Nt = 2, transmit antennas and Nr receive antennas, Nr ≥ 1. Each user can transmit
using T time slots as depicted in Fig. 1. The transmission of the both the users is considered to be synchronized
in time. Further, it is assumed that the channel between the transmit and receive antennas is quasi-static flat fading
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channel, i.e., the channel coeﬃcients remain constant over T time slots. The symbols transmitted from both the users
are received simultaneously at the receiver and the received signal can be represented as,
R = C1H1 + C2H2 + N, (1)
where R ∈ CNr×T is the received signal matrix, and C1 ∈ CNt×T and C2 ∈ CNt×T are the transmission matrix or
the transmitted signal matrix from the two users, H1 and H2 ∈ CNr×Nt are the channel matrices for the two users
containing independent and identically distributed (i.i.d.) circularly symmetric Gaussian random variables with zero
mean and unit variance, and N ∈ CNr×T is the noise matrix containing i.i.d. complex Gaussian random variables with
zero mean and σ2 variance. Some of the design criterion for space-time codes are defined below
Definition 1. Coding gain of an STBC X is given by
gc
Δ
= min
X1X2
∣∣∣(X1 − X2)(X1 − X2)†∣∣∣1/Nt , (2)
where X1 and X2 are the codeword matrices belonging to the STBC X, |(X1 − X2)(X1 − X2)†| is the determinant,
and (.)† denotes the hermitian of a matrix. For all possible combinations of the constellation symbols the value of the
determinant in (2) is calculated and the minimum value (minimum determinant) is chosen.
Definition 2. Diversity gain of an STBC X is given by,
gd

= Nr ×min rank
X1X2
{
(X1 − X2)(X1 − X2)†
}
. (3)
To check the diversity order of an STBC, the rank of all possible diﬀerence matrices |(X1 − X2)(X1 − X2)†| with
X1  X2 is calculated.
Definition 3. The PAPR measures the peak amplitude of a signal divided by its root mean square value. The PAPR
of an STBC is given by
PAPR =
maxt∈{1,...,T }
∣∣∣st,Nt ∣∣∣2
T−1
{∑
t∈{1,...,T } E
(∣∣∣st,Nt ∣∣∣2
)} , (4)
where T represents the time slots over which the STBC is transmitted, Nt represents the number of transmit anten-
nas, and st,Nt is the transmitted symbol in tth time slot from Ntht transmit antenna. In the next section, the code design
for multi-user MIMO is presented.
3. Multi-user Code Design
The STBCs proposed in1 can only be used for a single-user MIMO systems due to their structure. Hence, STBCs
for multi-user MIMO systems need to be designed. Various STBCs10,11, 12, 13 for MAC based MIMO systems are
proposed in the literature. Amongst the existing STBCs for multi user MIMO, the one proposed in 14 for two-user
MIMO system provides good performance without any compromise on PAPR. The code matrix of the STBC in 14 is
given by
Xk =
[
Ak Ak
Bk −Bk
]
, (5)
where Ak and Bk are Alamouti STBCs for user 1 and 2, respectively, represented as
Ak =
[
p1 −p∗2
p1 −p∗2
]
(6)
Bk =
[
p3−p∗4
p4−p∗3
]
, (7)
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such that pi’s, i = 1, 2, 3, 4 are the symbols transmitted from user 1 and 2 respectively. The 4 × 4 STBC proposed
in (5) can be used for a two-user MIMO system. The STBC is designed such that at the receiver the symbols of both
the users can be separated to remove interference. A diversity order of 2Nr is achieved. Motivated by these results, an
STBC for two-user MIMO system is proposed in this paper which achieves a higher coding, without compromising
on the PAPR, as compared to the STBC in (5) with the same diversity order.
STBC for two users MIMO system is proposed where each user transmits using two transmit antennas over four
time slots. The transmission matrix of the two users is represented as
C1 =
[
θp1 −p∗2 θp1 −p
∗
2
q2 q∗1 q2 q
∗
1
]
(8)
and
C2 =
[
θp3 −p∗4 −θp3 p
∗
4
q4 q∗3 −q4 −q
∗
3
]
, (9)
where the rows of C1 and C2 represent the transmit antennas and the columns represent the time slots. pi, qi are the
information symbols that are drawn from any real or complex valued QAM constellation, i = {1, 2, 3, 4}. θ = eiλ
represents the angle of rotation. The symbol qi is obtained from pi using the following function defined in15,16,17
qi = 2pi −
5pi
‖pi‖
. (10)
The function qi in (10) is defined such that both qi and pi ∈ A-QAM, where A is the size of the constellation. The
function qi maps the symbol pi to a symbol in QAM constellation such that qi  pi. The concept of mapping has been
proposed earlier in15,16,17 for a single user MIMO system. In16,17, non-orthogonal STBCs were proposed for Nt = 4,
transmit antennas and Nr receive antennas, Nr ≥ 1 using symbol mapping. The mapping was proposed in order to
maximize the Euclidean distance between the symbols to increase the coding gain. This paper uses mapping to design
STBC for multi-user MIMO case. The joint transmission of the two users can be represented as
C =
[
C1 C2
]T
, (11)
where C1 and C2 are given by (8) and (9), respectively.
3.1. Minimum Determinant
The transmission matrix C1 and C2 are designed so as to maximize the value of minimum determinant as defined
in (2) with respect to θ. Since, the two users are transmitting independently, therefore, the minimum determinant
can be maximized by optimizing C1 and C2 independently with respect to θ. A simplified expression for minimum
determinant for C1 can be obtained as follow. The codeword diﬀerence matrix for C1 can be written as
X =
[
θa1 −a
∗
2 θa1 −a
∗
2
θb2 b∗1 θb2 −b∗1
]
=
[
A B
]
, (12)
where
A =
[
θa1 −a
∗
2
θa1 −a
∗
2
]
, B =
[
θa1 −a
∗
2
θb2 −b∗1
]
and ai, bi, ai∗, bi∗, i = 1, 2, 3, 4 represent the symbol diﬀerence. From (12),
∣∣∣XX†∣∣∣ can be calculated as
∣∣∣∣∣∣
[
A B
] [ A†
B†
]∣∣∣∣∣∣ = |A|2 + |B|2 . (13)
It can be observed from (13), that minimizing {|A|2 + |B|2} is equal to minimizing A and B individually, i.e.,
min
∣∣∣X†1X1
∣∣∣ = min{|A|2} +min{|B|2}. (14)
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Fig. 2. Minimum Determinant of Proposed STBC for 16-QAM
Since A and B have similar structure, only one term in (14) is minimized, i.e.,
min |A|2 =
∣∣∣∣∣∣
[
θa1 −a
∗
2
b2 b∗1
] [
θa1 −b∗2
−a∗2 b∗1
]∣∣∣∣∣∣ =
∣∣∣∣∣∣ |a1|
2 + |a2|
2 θa1b∗2 − a
∗
2b1
θ∗a∗1b2 − a2b∗1 |b1|
2 + |b2|2
∣∣∣∣∣∣ . (15)
Further, (15) can be simplified to
min |A|2 = min
{(
|a1| + |a2|
2
) (
|b1|2 + |b2|2
)
−
(
θa1b∗2 − a
∗
2b1
) (
θ
∗a∗1b2 − a2b
∗
1
)}
. (16)
Since the minimum determinant is to be maximized over θ, the terms containing only θ in (16) are considered.
Thus, (16) can be rewritten as
min |A|2 = min
{
−θa1b∗2θ∗a∗1b2 + θa1b∗2a2b∗1 − a∗2b1θ∗a∗1b2 − a∗2b1θ∗a2b∗1
}
= min
{
|a1b2|2 + |a2b1|2 + θa1a2θ∗b∗1b
∗
2 + a
∗
2b1θ
∗a∗1b2
} . (17)
Neglecting the non ‘θ’ terms, (17) can be further simplified to
min |A|2 = θa1a2θ∗b∗1b∗2 + a∗2b1θ∗a∗1b2 = 2Re.
{
θa1a2θ
∗b∗1b∗2
}
. (18)
Similar expression can be obtained by minimizing |B|2. The minimum determinant maximizing value of θ = 1.028
can be obtained using (18) as shown in Fig. 2. The next section presents the decoder for the proposed scheme.
4. Pair-wise ML Decoder
In this section, a pairwise ML decoder has been derived for the proposed STBC. It is shown that the symbols
transmitted by the two users can be decoded separately at the receiver by solving the ML decision metric. However,
the symbols of the individual users are jointly decoded. For simplicity of the decoder, it is assumed that Nr = 1,
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similar analysis is applicable for Nr ≥ 1. Using (1), the received signal equation can be written as
R =
[
h1 h2
] [ θa1 −a∗2 θa1 −a∗2
b2 b∗1 b2 b
∗
1
]
+
[
h3 h4
] [ θa3 −a∗4 −θa3 a∗4
b4 b∗3 −b4 −b
∗
3
]
. (19)
Rearranging (19) results in ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
r1
r2
r3
r4
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ =
[
h1 h2 h3 h4
]
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
θa1 −a
∗
2 θa1 −a
∗
2
b2 b∗1 b2 b
∗
1
θa3 −a
∗
4 −θa3 a
∗
4
b4 b∗3 −b4 −b
∗
3
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ +
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
n1
n2
n3
n4
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ , (20)
which can be equivalently written as
R = HC + N. (21)
The ML decision metric for (21) can be written as
||R − HC||2 = |R|2 − 2 Re
{
HCR†
}
+ H†C†CH, (22)
where |R|2 is given by
|R|2 =
4∑
i=1
|ri|
2
, (23)
and HCR† is given by
HCR† =
[
h1 h2 h3 h4
]
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
θa1 −a
∗
2 θa1 −a
∗
2
b2 b∗1 b2 b∗1
θa3 −a
∗
4 −θa3 a
∗
4
b4 b∗3 −b4 −b
∗
3
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
r∗1
r∗2
r∗3
r∗4
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ . (24)
Further simplification of (24) gives
HCR† = h1(θa1r1 − a∗2r2 + θa1r3 − a∗2r4) + h2(b2r1 − b∗1r2 + b2r3 − b∗1r4)
+h3(θa3r1 − a∗4r2 + θa3r3 − a∗4r4) + h4(b4r1 + b∗3r2 − b4r3 − b∗3r4).
(25)
Post some manipulations, (25) can be written as
HCR† = (r1 + r3)(θh1s1 + h2b2) + (r1−r3)(θh3s3 + h4b4) + (r2 + r4)(−h1a∗2 + h2b∗1) + (r2 − r4)(−h3a∗4 + h4b∗3). (26)
In (22), H†C†CH is given by
H†C†CH =
[
h∗1 h∗2 h∗3 h∗4
]T
C†C
[
h1 h2 h3 h4
]
, (27)
where
C†C =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
2
(
|a1|
2 + |a2|
2
)
2
(
θa1b∗2 − a∗2b1
)
0 0
2
(
θ∗a∗1b2 − a2b
∗
1
)
2
(
|b1)|2 + |b2|2
)
0 0
0 0 2
(
|a3|
2 + |a4|
2
)
2
(
θa3b∗4 − a
∗
4b3
)
0 0 2
(
θ∗a∗3b4 − a4b∗3
)
2
(
|b3|2 + |b4|2
)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (28)
On solving (27), we obtain
H†C†CH = 2
⎛⎜⎜⎜⎜⎜⎝2 Re
{
h1h∗2θa1b∗2 − h1h∗2θa∗2b1 + h3h∗4θa3b∗4 − h3h∗4θa∗4b3
}
+ |h2|2
(
|b1|2 + |b2|2
)
+ |h4|2
(
|b3|2 + |b4|2
)
+ |h1|2
(
|a1|
2 + |a2|
2
)
+ |h3|2
(
|a3|
2 + |a4|
2
)
⎞⎟⎟⎟⎟⎟⎠ . (29)
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Substituting the values of |R|2, HCR†, and H†C†CH from (23), (26), and (29), respectively, in (22) we get
||R − HC||2 = ∑4i=1 |ri|2 + h1(θa1r1 − a∗2r2 + θa1r3 − a∗2r4) + h2(b2r1 − b∗1r2 + b2r3 − b∗1r4) + |h1|2(|a1|2 + |a2|2)
+h3(θa3r1 − a∗4r2 + θa3r3 − a∗4r4) + h4(b4r1 + b∗3r2 − b4r3 − b∗3r4) + |h2|2(|b1|2 + |b2|2) + |h4|2(|b3|2 + |b4|2))
+2(2 Re{h1h∗2θa1b∗2 − h1h∗2θa∗2b1) + h3h∗4θa3b∗4) − h3h∗4θa∗4b3} + |h3|2(|a3|2 + |a4|2). (30)
The RHS of (30) represents the simplified ML decision metric. It can be seen from the expression in (30) that the
terms containing a1, a2 and a3, a4 can be separated and are given by
f (a1, a2) = h1(θa1r1 − a∗2r2 + θa1r3 − a∗2r4) + h2(b2)r1 − b∗1r2 + b2r3 − b∗1r4)+
2{2 Re{h1h∗2θa1b
∗
2 − h1h
∗
2θa
∗
2b1} + |h2|
2(|b1)|2 + |b2|2) + |h1|2(|a1|2 + |a2|2)}, (31)
f (a3, a4) = h3(θa3r1 − a∗4r2 + θa3r3 − a∗4r4) + h4(b4r1 + b∗3r2 − b4r3 − b∗3r4)+
2{Re{h3h∗4θb3b∗4 − h3h∗4θb∗4b3} + |h4|2(|b3|2 + |b4|2) + |h3|2(|a3|2 + |a4|2)}.
(32)
The expression in (31) and (32) are minimized to decode the symbols of two users independently. From (31) and
(32), the symbols a1, a2 of User 1 and a3, a4 of User 2 are decoded separately. Hence, the proposed code design
independently decodes the data transmitted from both the users; thereby removing inter-user interference. However,
the symbols of any individual user have to be jointly decoded.
5. Performance Results
Simulation results for symbol error rate (SER) versus the SNR are presented for the proposed multi-user STBC
for 16-QAM constellation using Monte-Carlo simulations. A block fading channel is considered with frequency flat
fading. Additive white Gaussian noise with zero mean and unit variance is considered in the system. The SNR is
varied from 0 to 16 dB with a step size of 2 dB. The SER versus SNR is plotted on a logarithmic scale as shown
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in Fig. 3. The channel coeﬃcient matrix H is assumed to be a constant for each transmitted STBC and is varied
independently between diﬀerent transmitted STBCs. The channel state information is assumed to be available at the
receiver. This is a reasonable assumption given that the uplink and downlink channel coeﬃcients are symmetric and
can be estimated through training pilot symbols. The simulation results are averaged over 106 channel realizations. It
is further assumed that both the users are transmitting to a single receive antenna, i.e., Nr = 1. In the user devices,
a reasonable number of equipments still use single antenna. Hence, this is a practical assumption. However, similar
results can be obtained for higher number of antennas at the receiver as well. The optimal rotation angle for 16-QAM
constellation, i.e., 1.028 is used for the simulations. This value is obtained through exhaustive search amongst all
possible values. Pair-wise ML decoding is used at the receiver to decode the transmitted symbols of each user. The
SER performance of the proposed STBC is compared with the STBC proposed in 14. It is seen in Fig. 3 that the
proposed STBC achieves a higher coding gain and performs significantly better than the STBC in14.
6. Conclusions
In this paper, a multi-user MIMO STBC for two users for 16-QAM constellation is presented. It is shown that
the symbols transmitted by the two users can be decoded separately at the receiver. The performance of the pro-
posed scheme is compared with the existing STBC for multi-user MIMO and it is shown that the proposed STBC
outperforms the existing STBC for two user MIMO system. The proposed STBC shows significant improvement in
performance without compromising on PAPR and decoding complexity. Similar STBCs can be designed for arbitrary
number of transmit and receive antennas for higher order constellations and is subject of future research.
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